A program has been developed to calculate enthalpies at the salient points (later referred to as stations) of a combined power and cooling cycle provided pressure, temperature, mixture concentration and condition are known at these points. The ammonia-water mixture, which is taken as the working fluid, may be at one of the following seven conditions namely, superheated vapour mixture, mixture of superheated component of ammonia and pseudo vapour component of water, saturated vapour mixture, wet vapour mixture, saturated liquid mixture, mixture of subcooled water and pseudo liquid ammonia and subcooled mixture of subcooled components of ammonia and water. The mixture boiling-point temperature and dew-point temperature, needed to establish the condition of the working fluid, are functions of absolute pressure, critical pressure and critical temperature of the mixture; later two depend on the mixture concentration and the corresponding critical values of water at the given station. Using typical values of the variables as listed above, enthalpies at all stations are predicted. The predicted enthalpies are close (within 3%) to those available in the literature except at two stations where the mixture was weak in ammonia and its temperature was either in the near vicinity of the mixture boiling-point temperature or below the saturation temperature of pure ammonia at the concerned pressure. Using the predicted values of enthalpies, thermal efficiency of the combined power and cooling cycle has been calculated.
Introduction
Many combined cycles have been proposed as an alternative to the conventional power cycles for improving the overall energy conversion efficiency. A typical combined cycle consists of a gas turbine operating on a Brayton cycle as a topping cycle. The hot exhaust gases from this cycle provide the energy for the bottoming steam Rankine cycle. The efficiency of the combined cycle is better than the efficiency of each cycle operating alone (Feng and ). Another method of improving the performance of a thermal power plant is to use a cogeneration cycle which provides heating and power of both or a hybrid thermal power and cooling cycle which combines the Rankine cycle and absorption refrigeration cycle with power generation as primary goal in either case.
The research team of Kalina is recognized for introducing an ammonia-water mixture as the working fluid in power cycles [Kalina, 1984; Kalina and Tribus, 1990; Kalina et al., 1986 ]. An absorption type power cycle using a mixture of ammonia and water as the working fluid was studied in the early fifties (Maloney and Robertson, 1953) . Washam et al. (1994) suggested solar energy as input in the combined cycle to make it economically viable. Park and Sonntag (1996) and Ibrahim and Klein (1993) analysed the Kalina cycle. Their studies show that the Kalina cycle was advantageous over the conventional Rankine cycle under certain conditions. Although the use of mixed working fluid, such as ammonia-water, provides a big advantage in utilizing a sensible heat source in the boiler, it presents a disadvantage in the condenser. The disadvantage can be overcome if a normal condensation process is replaced by an absorption condensation process (Park and Sonntag, 1996; Zeigler and Trepp, 1984) .
The combined cooling and power cycle with power as the primary goal takes advantage of low boiling temperature of ammonia so that its vapour can be expanded to a very low temperature while it is in a vapour state or a high quality two-phase state. This cycle is ideally suited for solar thermal power using low cost concentrating solar collectors with the potential of reducing the capital cost of a solar thermal power plant. This cycle can also be used as a bottoming cycle for any thermal power plant. A thermodynamic cycle proposed by Goswami and Feng (1999) combined the advantages of mixed working fluid and absorption condensation to improve the efficiency of the thermal cycle. Since the proposed cycle uses almost pure ammonia as the working fluid in the turbine, it is expanded to a temperature much below the ambient temperature. The net effects are the production of both the refrigeration effect and power output and the reduction of the effective sink temperature for the cycle.
Thermodynamic analysis of the combined cycle
The following assumptions have been made while determining enthalpies at various temperature conditions:
• The water and ammonia components form a single system and no chemical reaction takes place. • In case of vapour mixture, each gas behaves as an ideal gas. • In the liquid phase, when the mixture temperature is either equal to or less than the boiling point temperature, the enthalpy is calculated using the mixture properties suitable to the ideal solution and then the isothermal departure of the liquid mixture from the ideal solution properties added to it. There are certain combinations of pressure and temperature at which the mixture is not in equilibrium condition. This occurs when at the given pressure, the mixture temperature lies between the dew point temperature and the saturated temperature of pure water (T sat2 ). In this case, ammonia is in the superheated vapour form and water exists in the metastable vapour form. Another situation occurs when at the given pressure, the temperature lies between the boiling point and the saturation temperature of pure ammonia (T sat1 ). Here ammonia is assumed to be in the metastable liquid state.
During the whole process of the combined cycle, the mixture may adopt any one of the following states, as shown in Figure 1 , which will depend on its temperature relative to two temperatures namely, boiling point and dew point. Boiling point temperature, T b , is the temperature at which the liquid of known composition and pressure begins to boil and dew point temperature, T d , is the temperature at which a vapour of known composition and pressure begins to condense. The method used to deter-mine them (Feng and ) is given in the Appendix A.
Consider gradual cooling of a mixture, of a given pressure and concentration, from temperature greater than pure water saturation temperature (T sat2 ) as shown in Figure 1 . It passes through various states (numbered 1 to 7) which are detailed below. Expressions for the related mixture enthalpy in kJ/kg, with suffix 1 for ammonia and 2 for water, have also been provided. 
State 1: (T ≥ T sat2 )
In this condition the temperature is above the saturation temperature of water. The mixture then is the superheated mixture of a superheated component of ammonia and a superheated component of water. Its enthalpy is calculated using equations (Siddiqui, 1999) given below.
Where x is the mass fraction of ammonia in the mixture and and , the enthalpies of ammonia vapour and water vapour, respectively, are given by hv 1 = a 1 t g -a 2 t c1 + a 3 (2)
where t g is the temperature of the mixture in 0 C and t c the critical temperature of respective component in 0 C. Constants in eqns.
(2) and (3) are given below. a 1 =2.3678756; a 2 =0.72779902; a 3 =137908894; b 1 =1.925; b 2 =0.126; b 3 =2500.0;
State 2: (T sat2 > T > T d )
The mixture is considered as the superheated mixture of superheated component ammonia and pseudo vapour component water. Enthalpy is found (Siddiqui, 1999) by linear interpolation with respect to temperature of superheated enthalpy at T sat2 and saturated vapour enthalpy at T d ,
State 3: (T = T d )
In this condition, the temperature is equal to the dew point temperature of the mixture. For this condition, the enthalpy is calculated using equation (Siddiqui, 1999) given below.
where vapour enthalpies h v1 and h v2 are given by following equations. and the constants are a 1 = 780.3751592, a 2 = 1.793463444, a 3 = 2.438453, a 4 = 5.887041e-1, a 5 = -3.894205e+4, a 6 = -1.618514e+2, a 7 = -5.123027e-2, a 8 = -5.946927e+2, w 1 = 1995.675063, w 2 = 1.854864237, w 3 = -10194269e-4, w 4 = 3.002761e-7, w 5 = -2.566671e+28, w 6 = -5.850564e+8, w 7 = 90858336e-2, w 8 = 0.0, where T d is in K and P is in bar.
State 4: ( T d > T > T b )
In this condition, the temperature lies between the dew point temperature and boiling point temperature and enthalpy of two-phase mixture is calculated (Park and Sonntag, 1996) by:
where h lm and h vm denote the enthalpies of the saturated liquid mixture and saturated vapour mixture, respectively and D, the dryness fraction of the mixture, is given by:
where x l and x v are the mass fractions of ammonia in the liquid-and vapour-solution, respectively.
State 5: (T = T b )
In this condition, the mixture is at the boiling point temperature as a saturated liquid. At this condition the enthalpy is calculated [Siddiqui, 1999] by:
where the constants are listed below: C 0 = -2.25462e+3, C 1 = 884209e+5, C 2 = -1.239222e+8, C 3 = 1.197489e+3, C 4 = 4.686089e-2, C 5 = -9.412826e+5, C 6 = 1.797014e+8, C 7 = -3.701820e+2, C 8 = 2.935257e-3, C 9 = 0.357491e+5, C 10 = 0.122989e+8, and h l1 and h l2 are the enthalpies of saturated liquid ammonia and saturated liquid water component respectively, and are given by the following equations.
h l1 = w 0 + a 1 T + a 2 T 2 + a 3 T 3 + (a 4 + a 5 T 2 )P + a 6 P 2 (9) h l2 = w 0 + w 1 T + w 2 T 2 + w 3 T 3 + (w 4 + w 5 T 2 )P + w 6 P 2 (10)
where the constants are given by: a 0 = -1477.925379, a 1 = 7.979672715, a 2 = -1.584957e-2, a 3 = 2.357889e-5, a 4 = 1.938836e-1, a 5 = -1.832123e-6, a 6 = -4.370722e-6, w 0 = -1296.803487, w 1 = 5.6052326, w 2 = -4.3682107e-3, w 3 = 4.4796158e-6, w 4 = 0.12685805, w 5 = -3.8716726e-7, w 6 = -2.3459764e-6.
It may be noted that T is in K and P is in bar in the equations (8) through (10). Further x l and x v should be used in place of x in equations (4) and (8), respectively
State 6: (T b > T > T sat1 )
The mixture is considered as the mixture of subcooled water and pseudo-liquid ammonia. At this condition, the mixture enthalpy is calculated (Kalina et al., 1986 ) by interpolation of enthalpies at temperature T b and T sat1 given by the equations, (8) and the forthcoming equation (11), respectively.
State 7: ( T ≤ T sat1 )
In this condition, the temperature falls below T sat1 . The enthalpy for this condition is calculated (Ibrahim and Klein, 1993) by using the equation:
where h l1 and h l2 are the enthalpies of the subcooled pure ammonia and the subcooled pure water, respectively to be calculated from eqn. (9) and (10), respectively. H E accounts for the isothermal enthalpy departure from the real solution and is given by
where G E , the Gibb's excess energy for liquid mixtures, accounts for deviation from ideal solution behavior and its value can be obtained from two references (Kalina et al., 1986 and ). In reference (Kalina et al., 1986) , it is expressed by a Margule-type equation:
where y is the mole fraction of ammonia and R m stands for characteristic gas constant of mixture, given by:
Unfortunately, values of the constants appearing here are not available on the paper. G E in the reference (Feng and ) and is expressed in terms of reduced pressure and temperature, by the following equation:
where the constants are given below: Gibb's excess free energy (G E ) can also be evaluated using reference (El-Sayed and Tribus, 1986) :
where Values of the constants in equations (18) and (19) are given below: a 1 = 18.1901, a 2 = -0.121603, a 3 = -99.5037, a 4 = 0.67809, a 5 = 84.4263, a 6 = -1.02601, a 7 = 2.43329, a 8 = 0.026458, a 9 = -1.28324, a 10 = -0.106125, where P is expressed in MPa and T is the reduced temperature, T(K)/100 using 100 K as the reference temperature.
Thus, there are three equations namely, equations (15), (16) and (17) which may be used for calculating G E . Equation (15) is not usable because of inadequate information. Equation (16) was tried but it could give values closer to Goswami and Feng (1999) only when the concentration (x) was changed from mass to molar, i.e. to y. Equation (17) also did not give the satisfactory results unless T, was changed from reduced value to base value, T B . Incorporating the proposed corrections in equations (16) and (17), and comparing the predicted values of enthalpies, modified equation (17) gives the results closer to those in reference . So it was used in the present work. For completeness, it is rewritten as:
where A and B are the same as given in equations (18) and (19).
Calculation of mass flow rates
The conservation equations for mixture mass and ammonia concentration in the mixture for absorber may be written as: where m is the mass flow rate of the mixture with a suffix denoting the station number.
Overall thermal efficiency is calculated as follows:
where The net work output, w n = m 7 (h 7 -h 8 ) -m 1 (h 2 -h 1 )
The refrigeration output q c = m 8 (h 9 -h 8 )
The superheat input q s = m 6 (h 7 -h 6 )
The boiler heat transfer q b = m 4 h 4 + m 10 h 10 -m 3 h 3 -m 5 h 5
where the suffixes of enthalpy and mass flow rate denote the station numbers as given in Figure 2 . In Figure 3b , T d and T b variations using the IGT (Institute of Gas Turbine) data is given by circled points and the continuous curves pertain to reference , as explained in the insert. From Figures 3a and 3b , it is observed that the nature of curves from this work is similar to both of the IGT data and from above mentioned reference.
Results and discussions
In an effort to have a further verification, the boiling point and dew point temperature, calculated from the methodology at low pressure of 2.067533 bar (30 psi) and other at high pressure of 20.67533 bar (300 psi) are shown in Figures 4, 5, 6 and 7 and compared with the reference (Bogart, 1981) . It is observed from these figures that the predicted boiling point temperature and dew point temperature values, at both the typical high and low pressures deviate within ±1%. So the methodology adopted to predict dew point temperature and boiling point temperature gives fairly accurate results.
Besides this, the boiling point temperature and dew point temperature for various concentrations have been obtained for the entire concentration range from 0 to 1 for typical high and low pressure values that is 30 bar and 2 bar. This has been plotted in Figures 8 and 9 . From these figures, it is found that the calculated boiling point temperature variation for concentration of ammonia beyond 0.8 at a very low pressure (<10 bar) do not join smoothly with the curves which join points for x<0.8. Such condition i.e. x<0.8 does not occur in the cycle, as discussed below, With reference to Figure 2 , low pressure exists in the cycle in cooler and absorber i.e. stations 8, 9, 1 and 12. At entrance to the cooler, though the ammonia concentration is quite high (>99%), it is a mixture of saturated liquid and saturated vapour in equilibrium, the saturated liquid concentration becomes much lower than 0.8. At exit from the cooler, mixture temperature increases and exceeds the dew-point temperature so liquid phase is no longer there.
It is absorbed by the weak solution coming from boiler (station 12) via the heat exchanger and reducing valve. So the mixture leaving absorber, this ammonia vapour of high concentration (station 1) reaches in the vicinity of boiling point temperature, yet the concentration is much less than 0.8 due to absorption of ammonia by weak aqua ammonia solution.
Having verified the application of the equations A-1 and A-2 for T b and T d , respectively, next to be considered is the enthalpy needed for the analysis of the cycle. At dew-and boiling-point temperatures, the predicted values of enthalpies calculated in this paper are tabulated in Tables 1 and 2 at two typical pressure values 30 psi (2.06753 bar) and 300 psi (20.6753 bar), respectively, because enthalpy values are available at these pressures in reference( [Bogart, 1981) for the purpose of comparison.
In these tables, enthalpies within small parentheses are the values predicted using relevant equations, having prefix * represent the values from reference (Bogart, 1981) , while those with prefix ** denote % enthalpy deviation from reference (Bogart, 1981) .
These tables reveal that: a. At high pressures, saturated liquid enthalpy values at boiling point temperature, h deviate by maximum 2.28% and saturated vapour enthalpy at dew point temperature, H deviate by a maximum of 1.54%. b. The saturated vapour enthalpy for low pressure at dew point temperature, H deviate from reference (Bogart, 1981) , by a maximum of 0.41% but at boiling point temperature saturated liquid enthalpy, h deviate more, by a maximum of 6.6%. The high value deviations are seen at temperature greater than 300 K.
With reference to the values of enthalpies at stations 2 and 11, where the ammonia exists as a subcooled liquid, have been compared with . Percentage deviations calculated as mixture predicted by equation (20) is reasonably close (< 8%) to the one obtained in reference . Having arrived at final equations, software was developed for calculating enthalpies at various mixture conditions.
Enthalpies are now compared with those given in for the values of pressure, temperature and concentration taken therein. The comparison is given in Table 3 . The computed values of the enthalpies are compared with those tabulated in reference and by 15.5% at station 12. It means that the constants in the equations for determining enthalpy of the mixture still need revision where the mixture was weak in ammonia and it is at a temperature in the near vicinity of or much below the saturation temperature of ammonia at the concerned pressure.
Conclusions
Equations have been reviewed for calculating boil-ing point and dew point temperatures for the given mixture pressure and concentration and in turn the mixture enthalpy at various mixture states. After establishing the condition of the mixture from mixture temperature and boiling-and dew-point temperature, the procedure calculates the mixture enthalpy at the salient stations of a combined power and cooling cycle. The enthalpy values, so predicted are found close to those reported in the reference , except at station numbers 11 and 12, where the mixture was weak in ammonia and it is at a temperature in the near vicinity of or much below the saturation temperature of pure ammonia at the concerned pressure. The deviations are 7.9% and 15.5%, respectively. This would require revision of the constants used for evaluating enthalpies under the said conditions. Thermal efficiency of the combined cycle is found reasonably accurate (20.68% against the published values of 23.54%). The efficiency is calculated from turbine work, pump work, superheater heat input and refrigeration/cooling effect. The latter are the functions of mass flow rates and enthalpies at the characteristic stations of the cycle. The mass flow rates, if not known, can be obtained from the mass and concentration conservation equations. Thus, the software is capable of predicting the performance of a combined power and cooling cycle, satisfactorily.
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Appendix A
It may be noted that P is in psia and T in 0 F for equations A-1 through A-4. Saturation temperature (T sat ) of pure components is given by:
where P and T sat are in bar and K, respectively. Values of the constants, with subscript 1 for pure ammonia and 2 for pure water, are listed below: a 1 = 10.77584068, a 2 = 11.73544221, b 2 = 3861.6302, b 1 = 2324.262496, c 1 = 23.624144, c 2 = 43.66924.
